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Environmental changesBiostratigraphic studies of Barremian platform carbonates from SE France, and nearby regions indicate the
Last Occurrence (LO) horizons of some common shallow water taxa. Firstly two dasycladale algae: Piriferella
paucicalcarea and Salpingoporella genevensis, which have their ﬁrst occurrence in the upper Hauterivian dis-
appear in the lower Barremian, at the Nicklesia pulchella–Kotetishvilia compressissima transition. Secondly a
rudist bivalve: the genus Agriopleura, which has its ﬁrst occurrence in the upper Hauterivian has its LO in
the lower upper Barremian, within the Gerardhtia sartousiana zone. The speciﬁc stratigraphic levels of the
above bioevents recorded in platform carbonates may be used for dating corresponding ammonite
free-successions. Stratigraphic implications are constrained by the biogeographical extent of the key species
which is essentially the Western and Central European margin of the Mediterranean Tethys. The joint LO of
P. paucicalcarea and S. genevensis are inferred to have been linked with oceanographic and climatic changes,
i.e. a cooling event. Platform carbonates were interrupted by a drowning event represented by a Maximum
Flooding Surface or Transgressive surface. Shallow water Orbitolinidae record signiﬁcant extinctions and
deep water ammonites show a signiﬁcant turnover. Similarly, modiﬁcations in ammonite faunas, bottom
currents, temperature changes, i.e. cooling, and a major extinction among the family Orbitolinidae coincided
with the LO of Agriopleura. Platform perturbations, including exposure, possibly a sequence boundary, and
basin margin instability, both with a tectonic background, were associated with this event. The foregoing events
and the linkage of palaeobiogeographic changes, that is themigration of the key taxa towards southern latitudes,
in correspondence with the LO bioevents indicate that thermal changes, including seasonality, appear to have
been the prominent controlling factor.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-SA license. 1. Introduction
Early Cretaceous platform carbonates are characterized by evidence
for biological crisis including extinction, diversiﬁcation and immigra-
tion/emigration events linked with drastic environmental changes, in-
cluding large scale emersions or tectonic deformations expressed by
sedimentary breaks (Simo et al., 1993; Skelton et al., 2003). Most of
these events coincided with planktonic or deep water faunal changes
or oceanographic perturbations, e.g. Oceanic Anoxic Events, document-
ed from basinal settings. Extinctions of shallowwater biological assem-
blages have been identiﬁed primarily for macrofaunas having a
signiﬁcant role in facies characterization and/or sediment production,
e.g. rudist bivalves (Masse and Philip, 1981; Masse, 1992, 1996, 1998;
Skelton, 2003; Masse and Fenerci-Masse, 2006). This group recorded(J.-P. Masse).
.V. Open access under CC BY-NC-SA licensetwo main abrupt biological crises in mid-Valanginian and mid-Aptian
times, each followed by a progressive recovery, i.e. a diversiﬁcation
phase (Masse, 1998; Fenerci-Masse, 2006; Skelton and Gili, 2012). The
mid-Valanginian and mid-Aptian extinction events were also recog-
nized for shallow water dasycladale algae and foraminifera (Conrad
and Masse, 1989; Masse, 1998; Bucur, 1999a).
The objectives of the present paper are to document two bioevents
recorded in Barremian “Urgonian” platform carbonates. The ﬁrst
one deals with the nearly synchronous Last Occurrence (LO) of two
dasycladale algae: Piriferella paucicalcarea (Conrad) and Salpingoporella
genevensis (Conrad) during the early Barremian, and the second one
with the LO of the rudist genus Agriopleura in the late Barremian, a
topic formerly addressed by Fenerci-Masse (2006) and Masse and
Fenerci-Masse (2008), and reappraised here. The two dasycladales rep-
resent common species while Agriopleura makes a signiﬁcant physiog-
nomic and quantitative contribution in rudist beds (Fenerci-Masse,
2006). This study focuses mainly on SE France but also addresses, for
comparison, data from other European or African countries. We aim to
deﬁne the timing and the environmental context of the events in ques-
tion, based on data from both platform and basinal settings. Attention is
called on their biostratigraphical implications in the context of vigorous. 
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successions in SE France and adjacent countries. For dating we refer to
the ammonite standard zonation established by Reboulet et al. (2011)
(Fig. 1).
2. Evidence for bioevents in Barremian carbonate
platform successions
The study area in SE France includes 14 localities from Provence,
Languedoc (Fig. 2) and Vercors.
2.1. The Piriferella paucicalcarea–Salpingoporella genevensis LO
Dasycladale algae are typical components of shallowwater carbonates
and characteristicmembers of the infralittoral biotas thriving in thehighly
illuminated zone of carbonate platforms (Masse, 1988, 1992). In SE
France and adjacent countries the number of species identiﬁed from the
Berriasian–lower Aptian is in the range of 50 to 60. Most of them possess
a speciﬁc stratigraphic distribution and have been used as chronological
markers (Bucur, 1999a). Piriferella paucicalcarea and Salpingoporella
genevensis are common late Hauterivian–Barremian forms which were
ﬁrst described by Conrad (1970) from the French southern Jura.
The type locality for these two algal species did not hitherto yield
any ammonites but its calibration with orbitolinid biozones established
from this region allowed Conrad (1970) to date them to the early
Barremian. This opinion was shared by one of us (Masse, 1976) and
the ensuing stratigraphic analysis of Barremian successions of Provence
led to the conclusion that Piriferella paucicalcarea and Salpingoporella
genevensis “are not known above the Nicklesia pulchella zone” (Masse,
1993, p. 321). Subsequent investigations in Ardèche and Vercors on
sectionswhere the two species are interbeddedwith ammonite bearing
beds (e.g. Pont de Laval–Serre de Tourre andMas de Gras sections, close
to Vallon Pont d'Arc in Ardèche, and Pas de l'Essaure–LaMontagnette in
Vercors) (Figs. 2–4) led Clavel et al. (2007, 2009) to establish that the
Barremian range of the species spans the Taveraidiscus hugii–N.
pulchella interval, notwithstanding that their First Occurrence is older,
i.e. late Hauterivian (Masse, 1976; Conrad and Masse, 1989; Clavel
et al., 2009). Data from Mas de Gras (Clavel et al., 2007, p. 1032, ﬁg. 4)
show that the LO event predates Holcodiscus fallax bearing marls: this
ammonite is the index of the basal part of theKotetishvilia compressissimaFig. 1. Barremian standard ammonite zones and subzones after Reboulet et al. (2011).zone (Reboulet et al., 2011). This observation is corroborated by the
stratigraphic distribution of P. paucicalcarea–S. genevensis in the same re-
gion: at the Serre de Tourre section the two species have their LO below
the “lower marly beds”with Holcodiscus diversecostatus and Astieridiscus
menglonensis, which document the K. compressissima zone (Clavel et al.,
2012 and personal communication).
In southern Vercors the Montagnette (Glandasse area) composite
section described by Arnaud (1981) illustrates the stratigraphic posi-
tion of the last representatives of the key dasycladale species (JPM
personal observations) which is below the “Fontaine Colombette
marls” the lowermost part of which is marked by Holcodiscus fallax
(Arnaud, 1981). In this locality the LO event is coeval with a drowning
discontinuity. As shown by Clavel et al., 2009, Piriferella paucicalcarea
and Salpingoporella genevensis are present below the “Fontaine Graillère
marls” in beds ascribed to the Taveraidiscus hugii zone.
The disappearance of Piriferella paucicalcarea and Salpingoporella
genevensis is therefore located at the Nicklesia pulchella–Kotetishvilia
compressissima transition and is coeval with a drowning event. The
drowning recorded in Mas de Gras, Serre de Tourre and Montagnette
platform carbonates is also documented in the Montagne de Lure, in
outer shelf successions, where it was long ago known as the “Combe
Petitemarls” episode,ﬁrst described byKilian (1888, 1895) and then re-
vised by Busnardo and Foury (1966). This marly interval has a signiﬁ-
cant spatial extent in SE France and has been identiﬁed in basinal
settings, in particular in the stratotypic section of Angles (Arnaud,
2005). Coeval glauconitic or phosphatic beds have been recorded in
outer-shelf settings in the Helvetic Alps (Tierwiss, Pilatus) and SE France
(Godet et al., 2013).
The disappearance of dasycladale key species at the junction be-
tween shallow water carbonates and ammonite bearing marls may
just be an ecological response to deepening. However Piriferella
paucicalcarea and Salpingoporella genevensis did not reappear in
the overlying shallow water carbonates whereas other dasycladales
belonging to the same early Barremian stock such as Salpingoporella
muehlbergii, Salpingoporella melitae, Pseudoactinoporella fragilis,
Falsolikanella danilovae and Angioporella fouryae did, and extended
to the late Barremian p.p.
In Provence the LO of Piriferella paucicalcarea and Salpingoporella
genevensis has been observedwithin continuous Urgonian type succes-
sions, either made of rudist bearing limestones, e.g. Martigues area, orSelected horizons with a speciﬁc interest for the present study are also indicated.
Fig. 2. Location map of the reference stratigraphic sections. Ardèche region: 1 — Mas de Gras, 2 — Vallon Pont d'Arc, 3 — Serre de Tourre, 4 — Saint Montan, 5 — Bois de Bouchais.
Gard: 6 — Brouzet les Alès. Southern Provence: 7 —Martigues area, 8 — Cassis area, 9 — Saint-Chamas–La Fare area. Northern Provence: 10 — Orgon, 11 —Monts de Vaucluse, 12 —
Montagne de Lure–Combe Petite.
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1976). The LO in question is marked by a sedimentary discontinuity, a
hard-ground or a bioturbated surface; by contrast with the above men-
tioned drowning discontinuities, facies changes and palaeobathymetric
offsets are here limited and rather inconspicuous.
2.2. The Agriopleura LO
The rudist genus Agriopleura Kuhn formerly described as Agria by
Matheron and placed in the Monopleuridae (e.g. Masse and Philip,
1974) is presently assigned to the Radiolitidae (Skelton, 2013) and pos-
sessed a wide palaeobiogeographic distribution on the European and
Arabo-African margins of the Mediterranean Tethys spanning the late
Hauterivian–early Aptian. In Western Europe its range is limited to the
late Hauterivian–early late Barremian only (Masse and Fenerci-Masse,
2008). From SE France and nearby regions Barremian species are essen-
tially represented by two nominal species, Agriopleura blumenbachi
(Studer) and Agriopleura marticensis (d'Orbigny) (Douvillé, 1918) plus
an additional one Agriopleura carinata (Matheron), the speciﬁc status of
which is still to be ascertained. We refer to A. marticensis for specimens
with a conical lower valve, with a polygonal transverse outline and
strong longitudinal ribs, and to A. carinata for those having an ellipticalor polygonal, transverse outline and lacking this ornamentation (Fig. 5).
Agriopleura is a signiﬁcantmember of Barremian “rudist communities” ei-
ther as the dominant taxa, or associatedwith representatives of the family
Requieniidae (Fenerci-Masse, 2006).2.2.1. Biostratigraphy of Agriopleura in Barremian beds from SE France
and central Europe
Agriopleura has a signiﬁcant record in the lower Barremian of SE
France. This is the case in southern Provence (Marseille–Martigues re-
gion)where this genus is commonly found in bedswith Paracoskinolina?
jourdanensis, Orbitolinopsis debelmasi, Urgonina alpillensis, Cribellopsis
thieuloyi, Valserina bronnimanni associated with Piriferella paucicalcarea
and Salpingoporella genevensis, a micropalaeontological assemblage of
late Hauterivian–early Barremian age but which lacks typical late
Hauterivian forms (Arnaud et al., 1998; Clavel et al., 2012) and which
is therefore ascribed to the early Barremian. At Serre de Tourre the
“lower marly beds” with ammonites indicative of the K. compressissima
zone (see above and Fig. 4) overlie Agriopleura bearing limestones. In
the eastern Vercors Agriopleura beds grade laterally and are overlaid by
calcarenites with P. paucicalcarea and S. genevensis of early Barremian
age (Richet, 2011).
Fig. 3. Early Barremian key dasycladales: sections showing their taxonomic attributes Salpingoporella genevensis: a — longitudinal oblique section, b — transverse oblique section.
Piriferella paucicalcarea: c — longitudinal oblique section, d — longitudinal, tangential section. Samples from Les Alpilles, Orgon and Saint-Remy de Provence-Glanum.
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present in the early late Barremian as illustrated by the following
examples. Late Barremian Agriopleura beds are present in the Vercors
at the Grands Goulets section described by Arnaud-Vanneau (1980)
and reappraised by Clavel et al. (2007). These beds ascribed to theso-called BsAib Member sensu Arnaud-Vanneau (1980), originally
placed in the uppermost Barremian or the Barremian–Aptian transi-
tion, contain Paleodictyoconus actinostoma, Paracoskinolina maynci,
Falsurgonina pileola, Cribellopsis neoelongata and “Neotrocholina”
friburgensis (Arnaud-Vanneau, 1980). This assemblage characterized
Fig. 4. Regional stratigraphic sections showing the position of the Barremian LO bioevents. a — Serre de Tourre (Ardèche); b — La Montagnette (Vercors); c — Saint-Chamas (Pro-
vence) (see text for the bibliographic origin of the logs and their stratigraphic interpretations). Yellow beds refer to rudist bearing facies.
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Barremian s.l.
Agriopleura bearing limestones were described in Provence, in the
Saint Chamas–La Fare area just below a hardground capped by lower
Aptian marls with ammonites (Masse, 1976; Masse and Fenerci-Masse,
2011). A careful revision of the relationships between the marly
beds and the underlying Agriopleura beds has revealed the presence
in between of an ammonite bearing bed (1.5 m thick) with
“Hemihoplites” sp. which suggests that the corresponding drowning
event may be located in the Gerardhtia sartousiana zone or more
probably at the Toxancyloceras vandenheckii–G. sartousiana transi-
tion which is characterized by evidence for a regional drowning
event (Léonide et al., 2012, and work in progress). The presence of
glauconite associated with abraded bivalve-rhynchonellid and am-
monite shells shows that the “Hemihoplites” level is a condensed
bed, bracketed by two drowning surfaces. Based on the foregoing
stratigraphic features and the presence in the Agriopleura beds of
Paracoskinolina reicheli and Palaeodictyoconus actinostoma, coupled
with the absence of early Barremian forms (e.g. Urgonina alpillensis,Cribellopsis thieuloyi and Piriferella paucicalcarea–Salpingoporella
genevensis, found below) we assign the Agriopleura beds to the lower
upper Barremian, more likely the T. vandenheckii zone. The LO of
Agriopleura is here a local response to deepening.
From Ardèche, Agriopleura beds have a signiﬁcant record in two lo-
calities, Serre de Tourre–Bois de Bouchais (Fig. 4) and Saint-Montan.
The Serre de Tourre section, recently revised by Clavel et al. (2012)
and mentioned above, documents two drownings, the ﬁrst one at the
Nicklesia pulchella–Kotetishvilia compressissima transition and the sec-
ond one at the early–late Barremian boundary marked by Holcodiscus
ulighi, an index of the basal part of the Toxancyloceras vandenheckii
zone. Agriopleura limestones are present above the H. ulighi bearing
marls, their termination being characterized by a discontinuity followed
by coral and bioclastic limestones (Busnardo et al. 1977 and personal
observations at Bois de Bouchais, Ardèche canyon). This succession is
overlain by a Palorbitolina lenticularis–Heteraster oblongus guide level
which marks the late Barremian (Imerites giraudi) drowning event
sensu Masse and Fenerci-Masse (2011). At Saint Montan the same
Agriopleura beds are capped by a discontinuity then followed by
Fig. 5. Agriopleura: sections showing the characters of the genus (D— dorsal, V— ventral, r— ribs). a— Oblique longitudinal section of a bivalve specimen (left) showing the concave
upward upper valve, and a transverse section (right) with a polygonal outline, lacking ribs (A. cf. carinata, Cap Cable, Cassis, late Barremian); b — transverse section showing the
ventral radial bands (Agriopleura sp., Emen area, Bulgaria, late Barremian), c — transverse sections of two specimens showing acute ribs (A. cf. blumenbachi, early Barremian,
Martigues area); d — transverse sections (A. cf. marticensis, late Barremian, Guise Castle Member, Orgon).
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oblongus guide level (Lafarge, 1978, and personal observations).
The stratigraphic schema of Clavel et al. (2012, ﬁg. 5) suggests that
the termination of the Agriopleura beds in this locality falls into the
Gerardhtia sartousiana zone. In the Gard region at the classical local-
ity of Brouzet les Alès, Agriopleura beds were studied by Douvillé
(1918), they overlie upper lower Barremian ammonite bearing marly
limestones the topmost part of which belongs to the Moutoniceras
moutonianum zone (Hamdan, 1977, H. Arnaud and J. Vermeulen per-
sonal communications, 2012). The LO of the genus is found 25 m below
the Palorbitolina–Heteraster guide level (Masse and Fenerci-Masse, 2011,
ﬁg. 13).
Late Barremian Agriopleura beds are not restricted to SE France but
have been identiﬁed and dated from Bulgaria (Prebalkan region) from
the Emen limestones (Fenerci-Masse et al., 2011) which are assigned
to the Toxancyloceras vandenhecki–Gerardhtia sartousiana zones (data
provided by B. Kolodziej, Krakow and M. Ivanov, Soﬁa).
2.2.2. Data from Provence: evidence for an exposure event associated
with the LO of Agriopleura
In the Marseille–Cassis region the LO of Agriopleura is document-
ed within the “Mussuguet sequence” sensu Masse et al. (2001),
which is a 6 to10 m thick succession of rudist bearing limestones
observed about 30–35 m below the topmost discontinuity of the re-
gional Urgonian succession: that is a drowning event located in the
Imerites giraudi subzone of the I. giraudi zone (Ropolo et al., 1998;
Masse and Fenerci-Masse, 2011). Fig. 6 shows the Cape Cable section
described earlier (Masse and Fenerci-Masse, 2006), to illustrate
the “Mussuguet sequence” which consists of three main divisions,
the lower and upper ones dominated by subtidal rudist bearing
packstones and grainstones, and a median one essentially made of
intertidal wackestones with subordinate rudist beds. The succession
was divided into ﬁve stratigraphic units, each bound by key surfaces:
four exposure surfaces E0, E1a, E1b, and E2, locally marked by black
pebbles, whereas evidence for pedogenesis is lacking, a submarine
erosional surface and a bioturbated (Thalassinoides) one, having all
a remarkable regional lateral continuity (Masse and Fenerci-Masse,2006). The LO of Agriopleura is a two steps event: the basal unit 1 re-
cords the LO of Agriopleura communities, dominated by Agriopleura
marticensis whereas the last representatives of the genus are locally
found in the uppermost unit, as small shell clusters, and are repre-
sented by forms tentatively ascribed to Agriopleura carinata.
The age of theMussuguet sequence is based on the LO ofOrbitolinopsis
debelmasi, Urgonina alpillensis, Paracoskinolina querolensis (a rare species)
and “Neotrocholina” friburgensis, just below the sequence. This groupof fo-
raminifera is known to have its LO in the lower upper Barremian i.e. the
Toxancyloceras vandenhecki zone (Clavel et al., 2009, 2010, 2012), or in
the T. vandenhecki–Gerardhtia sartousiana zone (Arnaud-Vanneau, 1980;
Arnaud et al., 1998).
The LO of Agriopleura was also recorded in the lower part of the
rudist bearing Orgon limestones corresponding with the “Urgonian”
sensu d'Orbigny (Masse and Fenerci-Masse, 2013) (Fig. 7). The LO of
the genus is observed at the topmost part of Guise Castle Member,
which overlies the so-called “Agriopleura chalks” that cap coral beds
(Notre-Dame deBeauregard unit) and the Vallon deMestre calcarenites
(Masse and Fenerci-Masse, 2013). The upper part of the Guise Castle
Member ismarked by two exposure surfaces each overlain by charophyte
bearing wackestones. The upper one, which overlies the last Agriopleura
bed, is associated with a black pebble horizon.
The Vallon de Mestre calcarenites record the LO of Orbitolinopsis
debelmasi and Paracoskinolina reicheli whereas the LO of Neotrocholina
friburgensis and Montseciella glanensis is identiﬁed in the Agriopleura
chalks. Notice that the LO of Piriferella paucicalcarea and Salpingoporella
genevensis (see above) was found 120 m below the Orgon limestones.
The foregoing suggests that the Guise Castle Member of Orgon is
stratigraphically equivalent to the Mussuguet sequence, here assigned
to the Gerardhtia sartousiana zone, in line with the age proposed for
the Orgon limestones (Masse and Fenerci-Masse, 2013).
As discussed earlier and illustrated by the “Mussuguet sequence”
and the Guise Castle Member of the Orgon limestones, the disappear-
ance of Agriopleura is by nomeans associated with platform demise or
within platform rudist community demise (Masse and Fenerci-Masse,
2008). Platform settings with requieniid and monopleurid rich beds
recovered just after the emersion or correlated discontinuity.
Fig. 6. Stratigraphic and sedimentologic context of the Last Occurrence of Agriopleura in the Mussuguet sequence at Cassis (Cape Cable section). a— Packstone–grainstone with large
rudists showing evidence for early dissolution of the original aragonite inner shell layer and subsequent micritic inﬁll (white lining arrowed), below E1a; b — laminoid mudstone–
wackestone; c — stromatolitic structure; d — packstone with small rudists and fragments with microbial coatings. In yellow are ﬁgured grainy facies, muddy facies are in blue.
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The LO of Agriopleura in Western Europe was assumed to be locat-
ed somewhere within the Toxancyloceras vandenheckii–Gerardhtia
sartousiana zones (Masse and Fenerci-Masse, 2008). This extinctionis regional, that is documented from Western Europe, and is coupled
with a southward migration of the genus toward the Tethyan
Arabo-African margins, a pattern that was interpreted as driven by a
temperature drop (Masse and Fenerci-Masse, 2008). This question is
Fig. 7. Stratigraphic and sedimentologic context of the last Occurrence of Agriopleura in the Orgon limestones. In yellow are ﬁgured grainy facies, muddy facies are in blue.
Modiﬁed after Masse and Fenerci-Masse (2013).
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sections where the LO event is identiﬁed.
The carbon and oxygen isotope records (see method in appendix)
were studied on bulk rock samples collected in the Mussuguet se-
quence near Cassis and the Agriopleura beds from Orgon, the data
were used for both stratigraphic and palaeoclimatic purposes. The
carbon curves were compared with the well dated ones (precisely re-
ferred to ammonite zones) published for Barremian pelagic settings,
i.e. the stratotypic section at Angles (Wissler et al., 2002; Bodin
et al., 2005) and sections of northwestern Europe (Mutterlose et al.,
2008; Malkoc and Mutterlose, 2010).
Carbon and oxygen measurements obtained from Orgon ﬂuctuate
between−0.4 and−2.2‰ and between−3.9 and−7.5‰, respective-
ly. These low values, especially the carbon ones, compared to those of
the rudist bearing beds from Cassis and cephalopod bearing basinal
sediments, are interpreted as the result of diagenetic alteration. “Chalky
diagenesis” (Borgomano et al., 2013) is also well expressed in the
overlying “Mont Plaisant” rudist bearing “chalks” (a term used by quar-
rymen for the corresponding soft, white, friable and ﬁne fossiliferous
peloidal grainstones where rudists are easy to collect) with a rich and
highly diverse rudist fauna (Masse, 1996). Consequently their strat-
igraphic and palaeoenvironmental signiﬁcance will not be further
discussed here.
At Cassis–Cape Cable (Fig. 8) δ13C ﬂuctuates from+1.8 to N+3‰,
these values are consistent with those obtained from belemnites or
bulk sediments from pelagic settings (see discussion in Mutterlose
et al., 2008) or even platform carbonates (Ferreri et al., 1997) andreﬂect a marine signal. The carbon curve shows a decrease from
unit 1 to unit 2 (+2.5 to b+2.0‰), a pattern which correlates with
the exposure surfaces E1a–b. This negative shift is then followed by
a positive trend (at the transition between units 2 and 3, from +1.9
to +2.7‰). Unit 3 sees a slight decrease then followed by a positive
shift in the upper part of unit 3 and lower part of unit 4, whereas
there is a decreasing trend in unit 5, below the exposure surface E2.
Exposure events E1a, E1b and E2 are each marked by a negative excur-
sion, a common feature in platform carbonates (Allan and Matthews,
1977; Joachimski, 1994). This ﬁgure which complicates the correlation
with curves obtained from continuous marine settings may be simpli-
ﬁed by retaining values N+2.5 only.
The oxygen values ﬂuctuate from b−3.5 to −2.0‰, such values
reﬂect a marine signal. They tend to be lower than those gained
from belemnites (Mutterlose et al., 2008) but higher than those pub-
lished from some pelagic settings, e.g. the Barremian stratotype in SE
France, based on bulk rock measurements (Wissler et al., 2002). The
oxygen curve shows a signiﬁcant increase (from −3.5 to −2.0‰)
from unit 1 to unit 2, unit 3 having the highest values (N−2.5‰)
then followed by oscillations in the−3.0 to−2.0‰ band. By contrast
with the carbon curve there is little evidence for a diagenetic modiﬁ-
cation of the oxygen signal below the exposure surfaces, a common
feature in shallow carbonate sequences (Joachimski, 1994).
Themost remarkable features are the coeval inverse trends recorded
in oxygen and carbon curves in units 3 to 5, and the high positive values
of the carbon curve (N+2‰). Comparisons with Angles and Boreal car-
bon curves suggest the placement of theMussuguet sequence in the late
Fig. 8. Stratigraphic succession, carbon and oxygen isotope data of the Mussuguet sequence, Cassis–Cape Cable section. For color code see Fig. 7.
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serve a signiﬁcative depletion of δ13C combined with enriched δ18O,
expected to be indicative of marine restriction and evaporative concen-
tration as illustrated by the model of Patterson and Walter (1994),
based on recent carbonate platforms. The oxygen positive excursion is
therefore interpreted as linked to decreasing temperature. Comparisons
with coeval curves from pelagic settings will help to corroborate this
hypothesis (see below).
3. Data from basinal settings
3.1. Environmental changes associated with the N. pulchella–K.
compressissima transition and the LO of S. genevensis and P. paucicalcarea
The Nicklesia pulchella–Kotetishvilia compressissima transition is
marked by a major turnover in ammonite faunas, the base of the
K. compressissima zone shows a strong diversiﬁcation of holcodiscids,
and desmoceratids (Company et al., 2008). In SE France the record of
abundant representatives of Karsteniceras/Leptoceras forms in the
N. pulchella–K. compressissima zones (Delanoy and Busnardo, 2007)
has a signiﬁcant environmental meaning, according to Lukeneder
(2012) this taxonomic group documents dysoxic conditions. This
view is corroborated by the coeval development of Clavihedbergellaeocretacea. This species ﬁrst reported by Moullade (1966), and sub-
sequently reappraised byMagniez-Janin (1991) belongs to claviform
morphotypes adapted to dysoxic waters (Magniez-Janin, 1991;
Boudagher-Fadel, 2012). The revision of the ammonite biozones
used by Magniez-Janin shows that in the stratotype of Angles the
acme of C. eocretacea coincides with the K. compressissima zone. In
this section the total organic content of marly interbeds rises abrupt-
ly from less than or close to 1% up to 3% at the N. pulchella–K.
compressissima transition and remains between 1 and 2% during
the K. compressissima zone to drop again close to 1% in the middle
part of the T. vandenheckii zone (Reneville and Reynaud, 1981). The
TOC positive shift found at the N. pulchella–K. compressissima transi-
tion is coeval with a peak in marine amorphous elements in the
organic fraction and suggests a high productivity event somewhat
comparable to the ensuing Late Barremian Imerites giraudi event
(Machhour et al., 1998), it is also coeval with a peak in phosphorus
accumulation rate (PAR) (Bodin et al., 2005).
The results of geochemical investigations performed in northeastern
England and northwestern Germany refer to Boreal ammonite or
belemnite zonations (Mutterlose et al., 2008; Malkoc and Mutterlose,
2010). Referring to the Tethyan ammonite zonation, to which shallow
platform organisms are ascribed, needs to correlate the Tethyan and
Boreal biozonations by using the carbon curves and comparing the
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emnites (Hoedemaker, 1999). For Hoedemaker (1999) the Tethyan
Nicklesia pulchella–Kotetishvilia compressissima beds are equivalent to
the Aulacoteuthis beds of northern Europe, which coincide with wide-
spread anoxic conditions of bottom waters associated with carbon
rich laminated sediments (the so-called Hauptblatterton episode
sensu Malkoc and Mutterlose, 2010). This episode is also characterized
by relatively high values of Mg/Ca: from 6 to 8, obtained from belem-
nites (Malkoc and Mutterlose, 2010). Actually the comparison of the
carbon curve from northern Europe and Angles (Wissler et al., 2002;
Bodin et al., 2005; Godet et al., 2006) allows an accurate correlation of
ammonite and belemnite zones, tending to support Hoedemaker's
views, which propose the placement of the early–late Barremian
boundary within the Oxyteuthis brunsvicensis zone rather than at the
junction between this zone and the Aulacoteuthis one (Fig. 9). This cor-
relation gives a clue for analyzing and comparing the timing of climatic
changes recognized in NW Europe relatively to the Tethyan zonation of
ammonites.
The oxygen curves from northwestern Europe (Boreal) and Angles
(Tethyan) differ in many respects (Fig. 10). The ﬁrst is an average
based on several sections, which tends to minimize the amplitude
of scattering, and the isotope values (from 0 to −2‰) didn't suffer
a strong diagenetic alteration. The second is based on a single section
but integrates two sets of samples obtained respectively by WisslerFig. 9. Correlation of carbon curves from Tethyan (Angles) and Boreal (NW Euro
The star points to the early–late Barremian boundary proposed by Malkoc and Met al. (2002), and Bodin et al. (2005), then reappraised by Godet
et al. (2006). The ﬁrst version shows a relatively wide scattering, far
less marked in the smoothed version from Godet et al. (2006). Isotope
values (from−2.5 to−4.1‰) are interpreted as having been altered
during burial diagenesis and their potential palaeoceanographic sig-
niﬁcance was expected to be low (Wissler et al., 2002), nevertheless
some trends were recognized by Godet et al. (2006). The curve of
northwestern Europe (Malkoc and Mutterlose, 2010) shows that the
upper part of the Nicklesia pulchella zone marks the culmination of a
negative trend in oxygen isotope that is a major warm peak, followed
by a positive shift, i.e. a cooling, there is then a change towards cooler
conditions in the Moutoniceras moutonianum and Toxancyloceras
vandenheckii zones.
Nevertheless a closer examination of the Nicklesia pulchella–
Kotetishvilia compressissima interval reveals some similarities be-
tween the curves provided by Malkoc and Mutterlose (2010) and
Bodin et al. (2005). Both show a drop in δ18O at the upper part of
the N. pulchella beds then followed by a positive shift in the basal
K. compressissima zone. In addition two positive excursions ﬂanked
by 2 negative shifts are present in the K. compressissima beds, but
this ﬁgure is not clearly expressed in the smoothed version of the
Angles curve, provided by Godet et al. (2006). Due to its well preserved
oxygen signal we deduce from the Boreal curve the prominence of a
major warming antecedent to N. pulchella–K. compressissima transitionpe) regions used for referring the latter to the Tethyan ammonite zonation.
utterlose (2010).
Fig. 10. Thermal events based on the comparison of δ18Ο curves from Boreal (NW Europe) and Tethyan (Angles) regions, referred to Tethyan ammonite zones. Blue dots refer to
cooling peaks, red dots refer to warm peaks.
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with an intervening cool one, in theK. compressissima zone. Evidence for
a cooling event is also illustrated by the outer shelf Clos deBarral section
(SE France) where the oxygen curve is marked by a positive shift asso-
ciated with glauconitic facies assigned with the N. pulchella–K.
compressissima transition (Godet et al., 2013).
3.2. Environmental changes associated with the LO of Agriopleura
The thermal changes bracketing the event in question are based
on oxygen isotope curves obtained from the Barremian stratotype at
Angles (Bodin et al., 2005) and northwestern Europe (Malkoc and
Mutterlose, 2010). In the Angles section there is a gradual, stepwise
decrease in temperature from the Toxancyloceras vandenhecki zone
up to the Imerites giraudi zone, with strong oscillations and two
“cold” peaks in the Gerardhtia sartousiana zone, the ﬁrst one in the
G. sartousiana subzone and the second in the Hemihoplites feraudi
subzone, this last one is coincident with the onset of the positive
shift (values tend to be N2‰) of the isotopic carbon curve. The fore-
going suggests that the thermal cooling assumed to be responsible
for the regional extinction (i.e. emigration) of Agriopleura falls in the
G. sartousiana zone rather than in the T. vandenhecki zone and possi-
bly in the H. feraudi subzone. In the Boreal realm the G. sartousiana
zone is marked by two warm peaks with an intervening cold one.
The foregoing cooling event is coeval with sedimentary anomalies
in shelfal and basinal successions where the topmost part of theToxancyloceras vandenhecki and the lowermost part of the Gerardhtia
sartousiana zones are frequently condensed or represented by a hiatus.
This is the case, for instance, in southern Spain (Company et al., 1994),
the Castellane Arc (SE France) (Bersac et al., 2010), the High Atlas
from Morocco (Company et al., 2008), the Lombardian basin and the
Dolomites (Italy) (Lukeneder et al., 2012). In the stratotype section of
Angles the interval in question lacks the classical marl–limestone
couplets (a typical feature of the early Cretaceous pelagic sediments of
this region) and tends to be essentially composed of limestone beds
showing erosional ﬁgures due to submarine currents (Delanoy, 1997;
Bodin et al., 2005; Vermeulen, 2005) which suggest somemissing record
or condensation. Condensation is also reported from the outer shelf
section of Clos de Barral especially at the Moutoniceras moutonianum–
Toxancyloceras vandenhecki transition (Godet et al., 2013). On the margin
of the Vocontian basin the T. vandenhecki–G. sartousiana interval, and
especially in the G. sartousiana zone, megabreccias and slumped bodies
developed, which suggest, instead of lowstand features (Ferry, 1988;
Clavel et al., 2012), a basement instability controlled by palaeofaults
(Ferry, 1976).
The onset of the Gerardhtia sartousiana zone is marked by a peak
in phosphorus accumulation rate (PAR) and its upper part by an en-
richment in redox sensitive elements which documents a bottom
water anoxia, associated with a negative shift in PAR (Bodin et al.,
2005). Notice that the corresponding interval is identiﬁed by Föllmi
(2012) as a key Tethyan “laminated organic-rich mud rock” (LOM)
event. The transition from CM2 to CM3 magnetochrons occurs at
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M1 reversal is located within the G. sartousiana zone (Wissler et al.,
2002).
4. Discussion
The foregoing shows that the LO of Piriferella paucicalcarea and
Salpingoporella genevensis was coeval with the Nicklesia pulchella–
Kotetishvilia compressissima transition, and was coupled with oceano-
graphic (dysoxic conditions, high productivity, PAR peak) and climat-
ic changes (cooling event) expected to have been associated with a
lowering in the Mg/Ca ratio. Platform carbonates were interrupted
by a drowning event which was coincident with or represented by
the so-called Maximum Flooding Surface mfs Ba1 sensu Arnaud
(2005) or mfs Ba2 sensu Clavel et al. (2012). Assuming that the strat-
igraphic chart of the Orbitolinidae proposed by Clavel et al. (2009,
2010, 2012) is valid, we note that the LO of dasycladales coincides
with a diversity drop in the Orbitolinidae, in particular with the LO
of Valserina bronnimanni, in line with our observations. Besides the
possible role of sea-level change postulated by the mfs model, rooted
in the sequence stratigraphy concepts of van Wagoner et al. (1988),
temperature and oceanographic changes appear as the most critical
factors linking the drowning event and the above biological crisis
affecting both shallow water dasycladale, foraminifera and deep water
ammonites.
The disappearance of the two species is highly selective.
Salpingoporella genevensis is one of the 23 early Cretaceous species
of Salpingoporella the highest diversity of which is documented
from the Arabo-African margin of the Mediterranean Tethys (Carras
et al., 2006). Among the Barremian European representatives of the
genus, S. genevensis is marked by a relatively large size (outer diame-
ter, D, commonly N1 mm and up to 1.8 mm) a heavy calciﬁcation (the
ratio between the inner (d) and outer diameter (D) of the calcareous
thallus is close or b50%). The contemporaneous form Salpingoporella
melitae has a similar size but is less calciﬁed (d/D = 50–70%), where-
as Salpingoporella muehlbergii is smaller (Sokac, 1996; Carras et al.,
2006); these species are known from both the Arabo-African and
European margins of the Mediterranean Tethys. Owing to its large
size and strong calciﬁcation S. genevensis is expected to have been
more sensitive to extinction than smaller and less calciﬁed forms, a
pattern enhanced by its restricted palaeobiogeographic distribution
(Bambach et al., 2004; Taylor, 2004). The foregoing is corroborated
by the coincidence of the LO event with a rise in oceanic phosphate
known to be a detrimental factor for the calciﬁcation of recent green
algae (Demes et al., 2009).
Piriferella paucicalcarea has been recently revised and assigned to
the genusClypeina (Granier, 2013) an assignment rejected here because
the species in question lacks the alternation of isolated, fertile discoidal
whorls somewhat separated by sterile ramiﬁcations. P. paucicalcarea is
the oldest representative of the genus and is restricted to Western
Europe (see discussion below), Piriferella spinosa and Piriferella somalica
are younger (late Barremian–early Aptian) and essentially documented
from the Arabo-Africanmargin and eastern Europe (Sokac, 1996; Bucur,
1999b). This genus shows therefore contrasting palaeobiogeographies
of species through time, as Hauterivian–Lower Aptian rudists do
(Masse and Fenerci-Masse, 2008). The latitudinal change of its distribu-
tional area suggests that thermal changes are again the most likely ex-
planation for the extinction of P. paucicalcarea, a regional event
followed by the emigration, origination or perpetuation of distinct spe-
cies associatedwithwarmer settings in southern latitudes. For rudist bi-
valves the thermal threshold assumed to have controlled the demise of
western European taxa is in the range of 18 to 20 °C, a value similar to
those controlling the geographic distribution of modern coral reefs, or
the boundary between tropical and subtropical seas (Masse and
Fenerci-Masse, 2008). Notwithstanding their punctual signiﬁcance,
palaeotemperature estimates of 19.9 to 20.3 °C, gained from ﬁsh teethcollected in the “lower part of the Caillaudianus zone” (presently equiv-
alent the Kotetishvilia compressissima zone) in southern Vercors (Pucéat
et al. 2003), suggest that during the corresponding time interval, climat-
ic conditions may have been close to the critical tropical–subtropical
threshold.
Multiple lines of evidence including, micropalaeontological assem-
blages, carbon isotope data, temperature changes and platform pertur-
bations point to a Gerardhtia sartousiana age for the LO of Agriopleura.
An associated exposure event is well deﬁned in proximal settings
(e.g. southern Provence), whereas in more distal settings, such as
Ardèche, the bounding discontinuity does not bear clear evidence
for emersion. An intermediate situation is observed in the Monts de
Vaucluse where the Agriopleura beds are capped by supratidal
muds or beach beds (Léonide et al., 2012). The event in question
may correspond to the sequence boundary Ba 4 of Arnaud (2005)
which falls in the G. sartousiana zone. It hardly corresponds to the
Ba 4 lowstand sensu Clavel et al. (2012), obviously older. Arnaud-
Vanneau (1980), Arnaud et al. (1998) and Clavel et al. (2009, 2010,
2012) tend to agree in considering the contemporaneous diversity
drop of the Orbitolinidae, as the major break for the family. For
Clavel et al. (2012, p. 32) this “pivotal turnover of orbitolinids
occurred during the lowstand of the Ba4 sequence” (upper part of
the Toxancyloceras vandenhecki zone) “which included the maximum
regression of the sea on the Urgonian platforms”. In basinal settings
dysoxic or anoxic conditions, cooling and increasing bottom currents
are recorded. Basin margin instability involved in the formation of
deep water megabreccias and genetically related to fault activity may
havemodiﬁed the basin ﬂoor topography. This is a possible topographic
cause for increasing sea bottom currents (i.e. contour currents).
The thermal cooling assumed to be responsible of the regional ex-
tinction (i.e. emigration) of Agriopleura may fall in the Hemihoplites
feraudi subzone. Besides the possible role of sea-level change postu-
lated by the lowstand or sequence boundary model rooted in the se-
quence stratigraphy concepts of van Wagoner et al. (1988), coupled
with or generated by tectonic activity, we favor temperature and
oceanographic changes as the most critical factors for the regional
disappearance and emigration of Agriopleura towards lower latitudes.
In addition the conjunction of these events with the magnetic anom-
aly M1 cannot be discounted notwithstanding the highly debated role
of such perturbations in biological phenomena in general and evolu-
tionary patterns in particular (e.g. Plotnick, 1980; Raup, 1985).
The LO bioevent is therefore highly selective and shows that
Agriopleuramayhave been a typical “tropical” form, thatwasmore tem-
perature dependant, than the coeval Requieniidae and Monopleuridae
(see discussion in Masse and Fenerci-Masse, 2008). This interpretation
is corroborated by oxygen and carbon isotopes data gained from rudist
specimens from Orgon (Steuber et al., 2005) which show for a given
specimen a cyclic pattern reﬂecting palaeoseasonality. The seasonal
contrast for both oxygen and carbon values is signiﬁcantly lower for
Agriopleura than for the younger Requieniidae sampled after the LO
event. This pattern suggests that post event conditions tend to ﬁt a rel-
atively cold mode relative to the pre-event ones (Steuber et al., 2005).
5. Biostratigraphic implications and limitations
The foregoing results regarding the age of the LO events of the
Piriferella paucicalcarea–Salpingoporella genevensis assemblage at the
Nicklesia pulchella–Kotetishvilia compressissima transition and the
genus Agriopleura in the G. sartousiana zone, offer a mean for dating
ammonite-free “Urgonian type” successions andmay help to overcome
difﬁculties met in using controversial stratigraphic tools based for
instance on Orbitolinidae in the context of vigorous controversies and
discrepancies regarding orbitolinid scales, for dating urgonian type suc-
cessions by the teams of Grenoble (France) (Arnaud-Vanneau, Arnaud
et al.) and Geneva (Switzerland) (Clavel, Charollais, Busnardo, Conrad
et al.) as illustrated below.
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ing markers may solve some stratigraphic problem or offer some con-
trasting views on the age of Urgonian successions from SE France and
the French–Swiss Jura.
1- The widespread occurrence of the Piriferella paucicalcarea–
Salpingoporella genevensis association in rudist bearing formations
(Conrad, 1970; Clavel et al., 2009, 2010, 2012, and personal observa-
tions of JPM) ascribed to the “late Barremian” (Arnaud et al., 1998;
Godet et al., 2010) from the French–Swiss Jura (e.g. Eclepens) and
the sub-alpine regions, implies that this age must be ruled out for
most of the corresponding successions, an interpretation which
tends to support the stratigraphic schema proposed by Clavel et al.
(2007). The placement of the early–late Barremian boundary re-
mains uncertain because the major biological events (extinction
and/or turnover) predate or postdate the boundary in question.
2- The recognition of the LO of Agriopleura in the Urgonian successions
of southern Provence (Marseille–Martigues regions) shows that
upper Barremian strata, i.e. from the Toxancyloceras vandenhecki–
Gerardhtia sartousiana zones are present below the topmost
drowning discontinuity (Imerites giraudi event). This interpretation
disagrees with that of Clavel et al. (2012) who suggested that the
upper Barremian was absent in this region. Nevertheless the revi-
sion of the Saint-Chamas section shows that the upper Barremian
Urgonian interval which lacks the I. giraudi interval (Masse and
Fenerci-Masse, 2011) is also characterized by the deepwater charac-
ter of the G. sartousiana beds, with ammonites; in this area the late
Barremian Urgonian limestones are therefore essentially restricted
to the T. vandenhecki zone. The recognition of the Agriopleura event
in the subalpine region may also help, in the future, to pin downFig. 11. Barremian last occurrence bioevents in shallow water carbonates, their timing
and associated environmental and biological changes in platform and basinal settings.the location of the G. sartousiana zone and to contribute to the place-
ment in Urgonian successions of the early–late Barremian boundary.
The biostratigraphic use of the bioevents in question for deciphering
the stratigraphic organization of Barremian strata is obviously limited
to regions where the dasycladacean assemblage was present, and to
regions where Agriopleura was thriving and moved away for southern
latitudes. Agriopleura is associated with rudist formations and has
been recognized in Barremian beds in France, Switzerland, Slovakia,
Bulgaria and Sardinia and possibly in the Ukrainian Carpathians
(Masse and Fenerci-Masse, 2008). Piriferella paucicalcarea has been doc-
umented from France, Switzerland, Spain and Sardinia (Masse, 1993;
Clavel et al., 2009), whereas Salpingoporella genevensis is known from
the same regions but also extends to Slovakia and Hungary (Carras et
al., 2006) and possibly Romania (Bucur, 1999b). Actually the distribu-
tional regions of the foregoing taxon correspond to the western, central
and possibly the eastern Europeanmargin of theMediterranean Tethys.
The use of dasycladales for stratigraphic purposes needs to ac-
knowledge some practical limitations, that is their preservation or
ecological diversity. The preservation is usually good in outer plat-
form calcarenites where the speciﬁc diversity therefore appears rel-
atively high. By contrast their preservation is low in inner platform
facies (e.g. rudist formations sensu lato). This poor preservation is
due to early, synsedimentary, diagenetic alteration, mainly the
micritisation of cavities or pores corresponding essentially with the
former living thallus, or recrystallisation of the calcareous (usually,
originally made of aragonite) thallus.
6. Conclusions (Fig. 11)
Biostratigraphic studies of Barremian platform carbonates from SE
France (Provence, Languedoc, Vercors) and nearby regions show that:
– two dasycladale algae: Piriferella paucicalcarea and Salpingoporella
genevensis, common species that thrived in infralittoral settings
and which have their ﬁrst occurrence in the upper Hauterivian,
disappear in the lower Barremian, at the Nicklesia pulchella–
Kotetishvilia compressissima transition,
– a rudist bivalve, the genus Agriopleura, common in rudist forma-
tions, and possibly represented by three species, which has its
ﬁrst occurrence in the upper Hauterivian, has its last occurrence
in the lower upper Barremian, within the Gerardhtia sartousiana
zone.
The speciﬁc stratigraphic location of the above bioevents recorded
in platform carbonates offer the possibility for dating the correspond-
ing ammonite-free successions, e.g. in areas where, for instance, the
stratigraphic distribution of the Orbitolinidae or geochemical markers
are controversial. Stratigraphic implications are constrained by the
biogeographical extent of the key species that is essentially the West-
ern and Central European margin of the Mediterranean Tethys. The
persistence of numerous dasycladales and rudists (Requieniidae,
Monopleuridae) throughout the Barremian, show that the above LO
bioevents are selective and linked with palaeobiogeographic changes.
The LO of Piriferella paucicalcarea and Salpingoporella genevensiswas
coupled with oceanographic (dysoxic conditions, high production,
phosphate peak) and climatic changes, i.e. a cooling event. Platform
carbonates were interrupted by a drowning, which was coincident
with or represented by one of theMaximumFlooding Surfaces or Trans-
gressive surfaces proposed in the literature for the lower Barremian.
Shallow water Orbitolinidae record signiﬁcant extinctions and deep
water ammonites are marked by a post-event strong diversiﬁcation
(holcodiscids, and desmoceratids). The extinction of P. paucicalcarea is
recorded on thewestern Europeanmargin whereas the genus Piriferella
persisted with two different species in eastern Europe and in the
Arabo-African regions. This pattern is interpreted as an emigration
of the genus to warmer latitudes. The relatively large size, strong
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have led to its regional disappearance, whereas the plurispeciﬁc and
cosmopolitan genus Salpingoporella persisted throughout the Tethyan
realm. Modiﬁcations in ammonite faunas, bottom currents, tempera-
ture changes, i.e. cooling, and a major extinction among the family
Orbitolinidae coincide with the LO of Agriopleura. Platform perturba-
tions, including exposure, possibly expressed by a sequence boundary
proposed in the literature for the upper Barremian; and basin margin
instability, both with a tectonic background, were associated with this
event. The regional disappearance of Agriopleura and its emigration to-
wards lower latitudes point to the prominent role of thermal changes,
including seasonality.
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Appendix A. Method used for the study of isotopic composition
Measurementswere acquired on bulk samples from limestones, slab
fragments were crushed to powder and 20 g were used for treatment.
The sampled material was treated with 100% phosphoric acid and the
evolving CO2-gaz was analyzed with a Finnigan Delta Emass spectrom-
eter (Observatoire géochimique de l'environnement, Strasbourg). The
results are expressed in the common δ-notation in ‰ relative to the
VBDB-Standard. Precision was +−0.1‰.
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